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1. Program Summary

-
This research and development program will produce a tactical nephanalysis

computer program that will provide gridded fields of cloud amount and altitude from only

those sources of data available in a Mark IV-B Tactical Terminal System. SpecificaIly,

the progmm must be able to successfully operate over a range of conditions including

occasions when only sensor data from either the DMSP or NOAA polar orbiting satelIite

systems are available. Software development will require new algorithm development,

validation, testing, and maintenance. Nine tasks have been identified as necessay to

successfully complete the program requirements:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Mark IV-B database tasks including expansion of the AIMS database
management software, AVHRR data acquisition, Earth location and
remapping of satellite imagery, optimal interpolation of point source da&,
and implementation of image processing capabilities;

evaluationof the utility of SSM/I surface temperature retrieval algorithms
for cloud discrimination over varying thermal backgrounds;

evaluation of SW/I cloud amount algorithms;

development of nephanalysis and surface temperature retrieval algoritirrm
for 0L.S and AVHRR data that will operate over different levels of data
availability and reliability in a tactical environment;

evaluation of the utility of SSW derived vertical temperature profile::
for assigning cloud top altitude;

development of improved algorithms for estimating cloud thickness and
cloud base altitude from satellite sensor data only;

development of improved quality control and algorithm tuning
procedures to support interactive manipulation and monitoring of
nephanalysis results;

implementation of techniques to process surface based cloud observations
and merge them with satellite derived analyses;

development of a tactical nephanalysis computer program that will
implement algorithms and techniques derived from the previous tasks so
as to produce a consistent cloud analysis independent of the mix of
available satellite and conventional data.

In addition to the 9 functional tasks described above, AER has been tasked to I);(. ,+!t

real-time access to NOAA and DMSP polar-orbiting satellite data in support of

TACNEPH algorithm development and validation. Specifically AER will prover’:..

AVHRR, TOVS, TIP, and ARGOS data from the NOAA TIROS satellites and Oi .$,
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SSM/I,  and SSM/T  data from DMSP. To accomplish this, two complete satellite

receiving and processing ground stations have been installed and interfaced with existing

computers at the Phillips Laboratory. The ground stations are both TeraScan  systems

from Sea Space Inc. and include real-time data ingest capabilities plus software for

standard image processing, analysis, and display. Both NOAA and DMSP systems are

currently providing continuous real-time access to the sensor data.

A four year combined effort between AER and PL is underway to complete the

project, a schedule of the estimated start date, duration, and progress for each task is

presented in Figure 1.

4/1l90 4/1l991 411192 4/l/93 4/l/94

Task 9 TACNEPH Computer Prog,ram

Su btasks

Task 7 Qua.& Control and Tuning
Task 8 Co~&e.ntional Data ‘howsing

Task 1.1 AIMS Data Base Mgr

Task 1.6 Image Proc
Task 1.2 AVHRR Data Acquisition m

Task 1.3 :atellite Ground Station

Task 4.1 OLS Cloud Algorithms’

= Completed

Figure 1 Revised TACNEPH task schedule with subtask breakdown.
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2. Progress During the Reporting Period

.-
Two new tasks and one subtask  were started during the reporting period: Task 7,

quality control and tuning; Task 8, conventional data processing; and Subtask 1.5 ingest

of point data into the TACNEPH database. One subtask was completed: Task 4.3, OLS

and AVHRR background surface temperature retrieval algorithms. Work progressed on

five ongoing tasks: Task 2, estimation of OLS clear scene temperature from SSlvVI;

Task 4, nephanalysis algorithm development, with one subtask  in progress: Ta,k 4 I -

OLS cloud detection; Task 5, evaluation of SSM/T derived temperature profiles  fo: cioun

height assignment; Task 6, algorithm development for retrieval of cloud b;aje  anti

thickness from satellite data; and Task 9, TACNEPH computer program development.

Ongoing and completed tasks and subtasks are identified in the updated pmpam

schedule contained in Figure 1.

2.1 New Tasks

The Initial Task Review (FIR) for Task 7, quality control and tuning, was held on 3

February 1993 and is described in the meeting report dated 9 February, 1%:;. 8ixk on

this task is to be divided between development of quality control flags and tuning options,

Quality flags will be designed to provide an assessment of the relative accuracy or

reliability of a given analysis. Separate flags will be generated for total cloud an’i low

middle, and high cloud The main objective of the task is to determine :;&a, c.!>jt.  .tive

criteria should be used to measure algorithm accuracy. Several quantif%ble  nxasures art.

under consideration including the strength of the cloud signal (i.e., how close to i ‘!L cloud

threshold is the measured quantity), the number of tests that separately detect cl,L,  Id, ant

the suitability of the analysis for a particular type of cloud (e.g., visible data fo; c‘ Z~‘C .:-

thermal IR for low stratus). Tuning options are designed to provide a user with

controlled access to the algorithm mechanics and with guidance on how the o;_~hr-  “1 a: b.:

be applied Much of the discussion at the ITR centered on how to provide 2 &IX- witl

little or no knowledge of the cloud analysis algorithm, or even meteorological sa ‘~:.llit~..

data analysis, with a tuning mechanism that would be useful and easily understod ‘Ilie

approach is to limit what the user can do to fixed adjustments to modify the algorithm

sensitivity to low, middle, and high cloud. The available options are an,?:t:~t;(  ti: I<; t~~~f-~

dial, each with three settings. Each dial corresponds to a different cloud layer: If;i~,

middle and high. The center dial position corresponds to the optimal .serisi_j.Gtv  wttirlg

for that layer, that is the setting determined to most accurately detect cloud %.,VlGiolrt  over



analyzing. One position on either side will allow a relative increase in sensitivity (with

the possibility with an increase in false alarms) and on the other a relative decrease. This

should provide the user with sufficient control to adjust the algorithm sensitivity to match

a particular application.

A combined ITR for Task 8, conventional data processing and Subtask  1.5,

objective analysis of conventional data, was held on 24 March 1993 and is described in

the meeting report dated 29 March 1993. Conventional data process is not supported on

the Mark IV-B so that work on this task would be considered a post-processing opti.on

rather than an integrated module in the TACNEPH algorithm. The main consequence of

which is that conventional data can not be used to adjust the cloud detection thresholds

used in the analysis algorithms, but rather can only be used to modify the final analysis.

The requirements set at the ITR are to investigate using conventional data availab?e on

AIMS to modify the TACNEPH results following the approach of the KD@ZFH  Merge

processor.

2.2 SSM/I  Surface Temperature Retrieval

In preparation for implementation of a government furnished SI&Q’l7 sari--.fze

temperature retrieval algorithm on the AIMS system, AER has been investigating  tkz

SSM/I antenna pattern correction (APC) provided on the TACNEPH D?v.iZP grc~u&

station computer. As reported in the previous progress report, there was some  ux~i-;r~aty

about whether the APC implemented on the ground station was consistent with the APC

technique used on the Mark IV-B. A formal request has been made through the rl QSF’

SPO to obtain information from LAD on the form of the SSM/I APC used an t%z  Mark:

N-B to insure consistency with the techniques used for TACNEPH. At thus  t;;ne no

information has yet been received. However, a similar request to Capt. Tom Neu at

AFGWC was acted on and a copy of the SSM/I APC routine used operationally at

AFGWC was received during the reporting period. Comparisons of the ;‘;YZ ~~cl  au!2

TACNEPH APC algorithms revealed somewhat different implementations 6 2 -1 2 kv,i ‘2

corrections used in the APC algorithms, however, corrected brightness ~~r!:;~c;ratui‘~.~

obtained from the two algorithms showed good agreement over a range cii  c,oixlitirjns.

At the end of the previous reporting period source code listings of &a :,sI*JJ

surface temperature retrieval program developed for the RTNEPH prograni  wex :rect’i~~~

from AFGWC. These listings make up the GFE algorithms that are to be r,vab.~:~ep,c_~  ?oc\r

TACNEPH use under Task 2. The technique is a two step linear regression algorithm
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used to predict an OLS IR clear scene brightness temperature from the correspo~:c~in~~

.- SSM/I temperatures. A series of linear coefficients are applied to the seven SS:m

channels to first characterize the background type and then, based on the background, a

second set of coefficients are used to predict the clear scene OLS brightness temperature.

This algorithm is potentially useful for TACNEPH since an accurate prediction  of the

OLS clear scene temperature could replace the adjusted surface tempen%rix  ciini;\tol~gy

in the single and two channel OLS nephanalysis algorithms.

-

The SSM/I clear scene temperature algorithm was successfully imp1errleiiFr.d  ~3::

AIMS and the TACNEPH database was modified to accommodate the resukting

temperature estimates. However, as also reported last quarter, the only regnxsion

coefficients provided by AFGWC were developed for the F-8 satellite. PersoilaJ

communication with Capts. Norm Mandy and Tom Neu have revealed that at prex,r,r  the

F-8 coefficients are all that is currently available. New software is being developed a?

AFGWC to support generation of coefficients for the F-10 and F-l 1 satellites hut they

will probably not be available before summer. Since the decryption device PL o~tainetb

for the TACNEPH ground station only has keys for F- 10 and F- 11, the clear scene

temperature algorithm could not be tested on F-8 data. However, it was tested on F-,i 11

data using the F-8 coefficients. Results for both the surface type classification and

temperature retrieval portions of the algorithm were poor. The surface classification

could not even accurately discriminate land from water backgrounds and temperam

values frequently differed from coincident OLS clear scene brightness temperatures by

greater than 30 K. Additional conversations with Capt. Neu confumed that the

disappointing performance of the algorithm was probably due to the use of F-8

coefficients with F-l 1 data. Since it seems pointless to perform an evaluaticn 4 ,S”.,f ”

derived clear scene temperatures using these coefficients, further work OI! ::i!: , G 1’ 8 :t’

been postponed until new coefficients are available.

2.3 Nephanalysis Algorithm Development

-.

Work during the reporting period work concentrated on the OLS algtxith~~~.  A, tii*.

sis of clear scene statistics developed from comparisons of OLS brightness temperatures

with corresponding surface temperature climatologies showed that some clo~a  :*r :‘-:, _-

nated  pixels were not being screened out by the cloud clearing algorithm. This rest  t +

in the assignment of surface temperature climatology corrections used in thhe  IP algclalt;~~*_

that were too large causing a negative feed-back on the entire cloud detechorr  p~(-~~~~

Cloud-contaminated pixels incorrectly used to update the clear scene temperature



statistics increased the expected range of clear scene temperatures to include values that

were too cold. The result was a progressive loss of sensitivity to low cloud which in turn

fed back into the next set of clear scene statistics. Two changes were introduced to

correct this problem. First the cloud clearing criteria were stiffened to reduce the number

of cloud contaminated pixels that were being missed by the cloud clearing algorithm.

The second was to modify the clear scene statistics program to limit the magnitude of the

limits change from one day to the next.

Currently, the OLS histograms are being monitored daily through the use of the

visual display routine called IR_HISTO. Before the changes were introduced some daily

histograms showed a bias toward cold numbers superimposed on the normal bell shaped

distribution. In all cases where this occurred, inspection of the original analysis file

revealed cloudy pixels that were missed by the algorithm. Since the changes aI histo-

grams have displayed a normally distributed shape. Thus the rotating histo database

has proven effective in two ways: 1) to serve as an indicator of the natural va.riab;Iity

between climatological estimates of surface temperature and satellite measurements and

2) as a quick diagnostic of OLS algorithm performance.

A modification was also made to the way data are collected in the histogram

program. Previously the routine, which depends upon the OLS algorithm anaIysis  for

cloud/cIear information, was run in a post-processing mode separate from the cloud

analysis algorithm. It was decided to incorporate the program directly with&i  $1~. ~0L.S

algorithm so that collection of clear scene statistics is now a by-product of the cloud

analysis. With the merging of these two routines came several changes. Pre%+~ ;I;: :k~

satellite scene was divided into 16x16 pixel subsets and, if the entire subse:  %~a:?  :ior~

free, the average temperature difference over the pixel array was used as a single &tz

point in the histogram. While this approach provided generally good results, some

problems obtaining a sufficient number of data points to fill the histogram cccy~ed on

very cloudy days. To reduce the impact of several cloudy days in a row, the :!iv~s:.:?n 9;’

the satellite scene into subset boxes was eliminated and clear scene statistic:: .~t n+v

accumulated on a pixel-by-pixel basis. This change had the effect of greatly incAcasing

the number of points saved in each histogram and has effectively eliminated days that are

discarded due to too few clear data points on cloudy days.

The clear-scene background brightness database is currently being updated >~it.h

data from the F-l 1 satellite passes but is not yet completely filled  A post-processing
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routine is currently being run using output from the OLS nephanalysis algorithm to
- - update the database, but it is expected to be incorporated within the algorithm early in the

next reporting period. Problems interpreting visible data collected near the terminator

have slowed testing of the visible data part of the OLS aIgorithm.  These problems have

generally been caused by unknown changes in the on-board gain control of the sensor and

shifts between the PMT and visible sensor over the regions of interest_ However, as

northern hemisphere summer approaches the visible sensor data are becoming more

consistent and work is progressing.

2.4 Evaluation of SSMA’ Derived Cloud Height Assignment

Late in the reporting period, two tapes containing source code listings of &cl 5SGJ.

temperature profile retrieva1  pro,mm were received from The Aerospace Corpor,stion

These make up the government furnished algorithm that is to be evaluated for usefuine;:k

in assigning cloud height within TACNEPH. Progress on this task has been limited to

decoding and input of the tape data and initial work at deciphering the source code to

extract the algorithm. While very little documentation on the program was received with

the tapes, the source code is well commented and progress is being made. Also i ~cIucec~

on the tape were several data files containing 8th mesh geography and terrain, l(JIO 1113

height D-values, numerous coefficient files, and the D-matrix listings. These a~5

assumed to be used by the SSM/T  retrieval program and are maintained on-line.

2.5 Cloud Base and Thickness

The approach used in this task is to infer cloud optical thickness from satellite

measurements of visible and near infrared radiance data. Reflected radiance i:; :e+.Pder!t

on cloud optical thickness as well as sun sensor viewing geometry, cloud particle size

distribution and phase. Particle size and phase can not be measured directly bsi ae

inferred from cloud type. Optical thickness is used to calculate physical thl~~,k.~,~‘:  wFIJI ’

is in turn used with cloud top information based on infrared emission to esticr-tazc.  I..~~D

A radiative transfer simulation model is used to calculate channel radiar:cLs  ti i:

function of cloud thickness and cloud type. Atmospheric properties such gas absorption

profiles and aerosol extinction profiles are computed using LOWTRAN7. Cloud pro-

perties (optical thickness, single scattering albedo, and angular scattering function) used

as input specified from a cloud type dependent modified gamma droplet size d.is~‘bt!tiot~<

computed by a Mie scattering pro-gam  (MIE). The output of LOW’T’RAN7  ar;&’ ‘+‘i!E arc

input to a discrete ordinate method (DOM) multiple scattering radiative transfer
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algorithm which computes the expected radiance. Based on these calculations a table of

channel radiance versus cloud thickness has been generated for six model cloud types:

cirrus, altostratus, low stratus, altocumulus, stratocumulus, and fair weather cumulus.

For each of the six cloud types the AVHRR radiance in channels l-3 was simulated

for five different cloud thickness values, and four different albedo values for the back-

ground. The model computed radiances are compared with the corresponding observed

radiances in an AVHRR image for each cloud type and used to determine the cloud

thickness of all the pixels in the image. Work on an appropriate cloud typing aJgorithm  is

continuing. For purposes of testing the radiative transfer approach, cloud type is

manually identified.

2.6 TACNEPH Computer Program Development

Work progressed on validation of the AVHRR nephanalysis  algorithm. The vabda-

tion work continued to follow the plan described in the previous contract progress repopt.

Since no additional guidelines have been received from the Air Force, the scope of the

validation effort remains unchanged. AVHRR data collected from the PL ground station

for June, September, and December of 1992 over two regions of interest (Figure 2) for

three times of day are being used as case study data. The sensor data are I.n&p~ndently

analyzed for cloud using the objective TACNEPH algorithm and a subjective mw~ua_I

Figure 2 Data collection regions of interest used in the AVHRR ‘algoririsrn
validation pro,mm.



interpretation. Cloud/clear results From both analyses are entered into the %a,IIW COI~~~~~;C:X

system and objectively compared_ Validation statistics are based on these comp~rial:  ,IS.

Since the last reporting period, the interactive program developed to aid the manual

analysis (TBLANK)  has been used extensively to analyze the case study data. ;4dti’ional.

options have been appended to the utility to accommodate the analyst’s suggesdo~~  5-q  tile;,

use the program to create the manual analysis files. Among these additional options %;;f

various new update options that affect the way pixels information is entered inio  :&: .i,- t:’

analysis. These options can be used in conjunction with each other, and often elimirt:;tc

the need to remove data points that are erroneously entered into the analysis as cloudy

during an intermediate step (recall that the manual analysis is an iterative procedure).

Another new feature is the ability to generate a tabuls listing of the data valties  of all

sensor channels at a particular pixel location within a satellite image. This viewing option

is supported by a mouse driven graphical user interface which allows the analyst to posi-

tion a cursor directly over a pixel of interest and retrieve the digital values of each sensor

channel. If desired, the analyst can then use the mouse to set a threshold based upon the.

values that are retrieved. This shorthand adjustment to the blanking threshold provide?

both a qualitative and quantitative method for setting optimum cloud/clear thresholds.

In addition to the new features of TBLANK, packing and unpacking utilities wz

developed for archival purposes. Because of the way the PL imaging comp!lte?  are

configured TBLANK produces an g-bit cloud analysis output yet the result is &I -3: r I”:

new bit packing utility compresses the g-bit data files to a fraction of their ori~?~al

physical storage size. To view the compressed results as an image, an accompgp  qing

unpacking utility was developed to reconstitute the eight-bit cloud truth image.

The TBLANK  utility described above was used in two distinct phases :.f :,i -!!  ;

tion  of the AVHRR multispectral automated analysis routine. First, manti;xl  $;--;,1’:

were performed on five consecutive case study days from each of the daytin*:~:,  ‘:, .. .i IIL,

and terminator passes for both ROI areas to support collection of clear-scene * ‘:,:Ls:: F

needed to initialize the nephanalysis model. Histograms of the differences between i .e.

sensor data and the corresponding climatological values were saved in a rotating clear-

scene database which was modeled after the real-time database described in p,eviou:

reports. The automated multispectral analysis routine was then run on data ijam subse

quent days using composite thresholds based on these initial five days. From :hen  on i’.e

clear-scene statistics were updated in the normal way using results obtained from tile:

automated analyses. Automated analyses were collected until a minimum of ten histo-
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grams were established. The second use of the TBLANK utility was to generate manual

cloud analyses for the remainder of the case study days that were then used in the

algorithm comparison routine.

To assist in the collection of statistics of the manual and automated analysis results, a

routine called STATS was created which can access statistical data files through ‘he

TACNEPH database. This routine divides each analysis file into square pixel subsets of a

specified size and generates comparison statistics based on cloud values calculated over

each subset, as well as statistics based upon the analysis in its entirety. Statistics were

collected and saved for pixels subset sizes of 16x16 and 32x32 to observe the affect of

varying subset sizes on the correlation between the two analyses. A peripheral routine

called READ-STATS was developed to prints the recorded statistical information in

tabulated form (see Figure 3). Statistics were collected for each individual case day, as well

as composites for each combination of month and time of day (e.g., June terminator cases).

To assist in the interpretation of the comparison data, histograms and scatter plots

were created for each individual case, as well as for the composite sets. Scatter plots

consist of paired data based upon the percentage cloudiness of each subset box in the

manual and automated analyses (see Figure 4). The data were linearly regressp@~ and

information about this regression was included directly on the plots to indicate the

correlation between the manual and the automated analyses. Histograms were creared

based upon the cloud percentage differences between each manual anall~sis  subset  box

and its corresponding automated analysis subset box (Figure 5).

$ RUN READ-STATS
Enter entry number: 4010
Enter subset box size: 16
___________________________-_--___---_-___~-----_________________________----___----__l__-----
TDB entry number: 4010
Subset box size : 16
Number of subset boxes: 15 12
Mean subset box %cloudiness for manual analysis: 47.61
Mean subset box %cloudiness  for automated analysis: 49.90
Mean difference %cloudiness  for (automated minus manual): -2.29
SD about the mean difference: 6.5916
%RMS error: 16.95
Both clear: 45.07% Both cloudy: 42.53% Disagree: 12.35%
Manual only: 7.32% Automated only: 5.03% Both: 87.55%
_________________________-----~-------------~_ I_--________________________~__~~~~~__~~~~____~~~~~~___

Figure 3 Sample statistical output from the READ-STATS pro_mm  for one case
study day.
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osite Manual VS. Automated Analysis Numpts = 1512
z “1 * r * ’ , - - ’ 1 * 1 ’ a,. ‘I ’ 1 ” 7 ’

-20 , , I I , I 1 I I I I I I I L L I I I I 1 I I C_‘_ j

- 2 0 0 20 4 0 60 80 100 ‘: 20
Automated Analysis Cloud Percentage

Figure 4 Sample scatter plot of fractional cloud amount obtained from the automated
TACNEPH algorithm and manual analysis for one case study day-

Sample histogram of differences in fractional cloud amount obtameci  honk
the automated TXCNEPH algorithm and manual analysis for cw. CX,S  study
&Y-
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Currently, the entire validation process has been performed for all June and

September cases (i.e., approximately 120 cases). Manual analyses of the December cases

are underway and statistical analyses are expected to be completed within the next

reporting period. Collection of March data will also start in the next reporting period.

March of 1993 data will be used since the AVHRR ground station as not yet operational

in March of 1992.

Data collection for cloud/clear results has been completed for the June zld

September cases using archived NOAA-l 1 and NOAA-12 passes. Analysis was begun

for 5 days of data for terminator, daytime, and nighttime passes from the June case.

NOAA- 11 and NOAA-12 passes stored on tape were unloaded and listed on the UNIX

system. Each tape contains two or three days worth of NOAA-l 1 and -12 passes with

each pass being assigned a file number. Passes containing; terminator, daytime, night-

time images for the land and water sites were then chosen. Once a determination was

made that a pass fit the criteria for site location, time, etc. the image was transferred te

optical disk for access on the AIMS system. Each case transferred to the AIMS system

for analysis was registered in TDB and assigned an entry number.

Objectives of the manual analysis tie to accurately locate and classify cloud/cle

areas from each satellite pass using all visible and infrared channels that are ;o.vaiEable

fi-om the AVHRR. As described above, the TEILANK  utility package enables titc  user tc

build a final composite analysis using various methods to segregate and split _por:icn:  of

an image. Separation and splitting of imagery greatly enhances the accuracy of the cloud

analysis as opposed to analyzing the image in its entirety. Analysis of the j:::r~ti  GFI:~. <WY

nearly complete, processing of September and December cases is expect& tcj k~ ,:‘:, :Y

pleted during the next reporting period. Collection of March data will have io ,~i:, ::r~.;5i.

March of 1993 since the AVHRR ground station was not yet operational in !&~h ef

1992. A similar procedure

algorithm.

will be applied to the OLS data for validation of &hat.

3. Plans for the Next Reporting Period

Work on the OLS algorithm development is essentially complete and the FI’R will

be scheduled early in the reporting period. Validation of the AVHRR algGti,&rt:ll.,  +,/iii

continue along with collection of OLS validation data . Implementation ~6 the %? M/l

algorithm should be completed and testing in the TACNEPH algorithm wll! hg;n. Work

on the cloud thickness algorithm will continue with testing of the three channel  radiance
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tables relating cloud optical depth to AVHRR channel radiance. Algorithm tuning work

_ will continue with identification of internal thresholds that correspond to dial settings and

evaluation on real data.

4. 0 ther Issues

A paper entitled “Validation of infrared cloud detection algorithms developexl  for

TACNEPH” by Gustafson, Isaacs, and Sparrow from AER and Bunting ,urd d’F,ntremcnt

from PL was submitted to the SPIE Conference on Passive IR remoie se&t-jg  of c:Io&

and the atmosphere, to be held 13-16 April, 1993. A copy of the paper is nmiched.

An one year extension to the software support agreement for the TACNEPfl  KP.PY

satellite ground station was purchased from Sea Space, Inc. and a one yc”,~  extension to

the software support agreement for the TSSNET networking software used  CO link the

ground station with AIMS was purchased from Thursby Software, Inc.

been

No research or analysis failed.

Of the total funds of $1,026,776  allocated for 48 months, approximately 80% havat:

expended after 36 months; approximately 80% of the work has been c~nple:sc-d

Note that $226,545 of this expenditure has been for acquisition and instz!ll?u~_~ra  0%

satellite ground station equipment and expenditure of funds allocated f-i: ,c,~eacr;ir  >ind

development is on track. Detailed fiscal data are available separately in the monthly

Contract Fund Status Reports.
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Validation of infrared cloud detection algorithms developed a’~! rfi~~:kWPH’

Gary B. Gustafson, Ronald G. Isaacs, Jeanne M. Sparrow

Atmospheric and Environmental Research, Inc. (AER)
840 Memorial Drive, Cambridge, MA 02139, USA

James T. Bunting, Roben P. d’Entremont

Phillips Iaboratory
29 Randolph Road Hanscom AFB, MA 01731-3010

ABSTRACT

A multi-year research and development pro,oram  is underway to develop an au~om-Fte;:I cic.\a,  I WC&~
known as TACNEPH for use by the Air Force at tactical sites. Significant features of fhis m&e1  ir:c 9-&
the ability to analyze real-time DMSP/OLS and NOWAVHRR data using only the limited rescim:~~\  of
transportable tactical ground stations and to automatically adapt to changes in the available data mix_ No
supporting data from a center are available (e.g., upper air temperature and moisture fields, surface
reports). To satisfy these requirements it was necessary to develop separate algorithms for each sensor
platform. An infrared algorithm developed for DMSP data relies on an estimate of the clear scnr- radiative
brightness temperature based on a dynamic correction to a surface temperature climatology .4 zparate
NOAA IR algorithm is an adaptation of the multispectral  approach of Saunders and Kriebel.  Both
algorithms are designed to improve cloud detection capabilities over the current Air F&kc-e  c>;3erational
RTNEPH model, with pa,rticular  emphasis on low cloud.

A major aspect of the TACNEPH development program is the validation of the cloud ,d~;or-ithhr.  !s over
globally varying conditions. Since there is no universally accepted source of ground truth <:_;fa kl;. ,loald;
it was necessary to develop a validation procedure based on available data sources. Use of swfacz.  clout
observations or intensive field observing programs (e.g., FIRE) alone were rejected due to Iimitations  .::h
coverage area and inherent difficulties in comparing satellite based cloud estimates with surface baxi’;
observations. Algorithm validation is instead based on subjective man/computer analysis of the input
satellite sensor data using any available additional data sources as guidance. A formalized procedure for
performing the manual analysis has been developed that exploits the interactive display and image
enhancement features of modem image processing systems along with data visualization te&ti,~t~  ,.
designed to present both multispectral sensor data and manual analysis results in an easy to interp~ c!i;;” ;JI
raster form. Validation results for TACNEPH infrared algorithms will be presented for sele:~ : i r .PY
studies used to capture the globally and seasonally varying conditions the algorithms are t -.,kT~,,;~f~i  ~a
encounter.

1. INTRODUCTION

A four year research and development program is underway at the Air Force Philli  .) i.. i,tjl::; xy ;G
develop an automated cloud analysis model known as TACNEPH (for tactical nephand,  sLj)  :!esigned ts
be run in the field on transportable satellite receiving ground stations. Significant features o; the model art
the ability to analyze both DMSP/OLS and NOAA/AVHRR  sensor data in real-time to produce gridded
fields of fractional cloud amount and height. Since the algorithms are designed for field use available
resources are limited to the capabilities of the ground station systems. The principal limiti,  , : ‘., r’ ;i:
type and amount of data that are available. The ground stations are capable of receiving direct bti-  ;:ti_xst
satellite transmissions and have limited capacity to store climatological information, however, no
supporting data from a center are available (e.g., upper air or surface temperature and moisrur-e,  fj.:ldc
,urface  observations). Also the mdel  must be able to automatically adapt to changes in the ,IV&I  .bk daw



mix. TO satisfy these requirements multiple cloud analysis algorithms were developed. One and two
channel algorithms developed for analysis of DMSP data rely on estimates of the clear scene rofhzt~uce
and surface radiative brightness temperature to discriminate cloud. Separate NOAA algorithms are
adaptations of the multispectral approach of Saunders and Kriebel(1988)  and Karlson and Liljas  (l990). -
All algorithms are designed to improve cloud detection capabilities over the current Air Force operational
RTNEPH model, with particular emphasis on low cloud and transmissive cirrus.

A major aspect of the TACNEPX  development program is validation of the cloud algorithms over
globally varying conditions. While TACNJZPH  is designed as a regional model, it must be relocatable
since the transportable ground stations could potentially be located anywhere on Earth, thus the need for
global validation. Unfortunately, for satellite nephanalysis purposes there is no universally accepted
source of ground truth data for cloud, so it was necessary to develop a validation procedure based on
available data Use of surface cloud observations or intensive field observing programs (e.g.%  FIRE,
ARM) alone was rejected due to limitations in coverage area and inherent difficulties in comparing sateilite
derived cloud estimates with surface based observations. Algorithm validation is instead based on
comparison to computer aided manual analyses of the satellite sensor data. Any additional data that may be
available (e.g., surface observations) is used for guidance. A formalized procedure for the manual
analysis has been developed that exploits the interactive display and image enhancement features of 24-bit,
full color image processing systems along with data visualization techniques designed to present b&r
multispectral sensor data and manual analysis results in an easy to interpret digital raster form, Initial
validation work using case study data has been completed for two seasons over the East central United
States and the Atlantic Ocean

2. CLOUD ALGORITHM DESCRIPTION

The approach to cloud algorithm development is illustrated in Figure 1 wherein multiple d,gorit.hms
exist to satisfy the external constraints imposed by the data mix. As the amount or quality of saM.hte &a
decreases the algorithms automatically place increased reliance on locally available and store”‘: databases.
Conversely, as contingencies develop that decrease the reliability of stored databases the anakysis  px.~gr~~n.
will switch to a pmssing level that is less dependent on supporting data. An important ftitu~ of this
multilevel approach is the capability to perform simultaneous algorithm cocalibration  in the field, The
inherent algorithm redundancy that exists under conditions of full data availabiity  can be exploited to
intercalibrate  one algorithm against another during off-peak periods. Algorithm intercalibrzal:;,;  statistics
can then be used to assign confidence levels to results obtained later during non-optimal data limited
conditions.

Algorithms have been developed to accommodate the range of imager  data obtainable from the CL%:
and AWRR  instruments. Two statistical threshold algorithms operate on single infrared  therma wdx&_~
channel data alone or in combination with a visible or near-XIX  channel (i.e.,  OLS-T and OLS-W_,  ,P.~VWW
channels 1 or 2 and 4 or 5). Daytime and nighttime AVHRR  algorithms use all available chartiLe
simuhaneously.  This multispectral  approach employs a decision tree structure to classify individual scene
features (e.g., low cloud, cirrus, snow, sun glint) separately through evaluation of a selecte-6 x h of
spectral  signatures at each branch. For the TACNEPH application spectral signatures are t&n to t?=
combinations of channel ratios, differences and absolute magnitudes. This approach has bed:1 c x t
successfully in previous cloud detection applications (Saunders and Kriebel,  1988; Karlssor!  and LCj,$z,
1990) and is similar to ongoing work at NOAA (Stowe et al., 199 1). Information on cloud c;ype  L.YI ~~&cuci
optical properties is produced as a by-product of the muhispecual  cloud detection a.Igorithms.  She
TACh’EPH  cloud detection algorithms have been described elsewhere (Gust&on and d’Entremont,  1992;
Isaacs, 1993) and will only be summarized here.
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Fi,gu-e  1. Schematic of TACNEPH multi-source cloud analysis approach.

The single and two channel threshold algorithms are designed to identify cloud-h&J.,  zicu3 ,‘_;:x &id.
partially cloudy pixels within- the scene and to determine representative cloud top and clo4 free
background temperatures. This information is used to compute the required parameters for each ~~z’ysi
grid box, namely fractional amount and altitude. A threshold approach was selected because ii j ->i_‘
suited to the TACNEPH environment where uncertainties in the available data (e.g., sensor call!i.jELaiu:
errors, stored data not representative of current conditions, variations in clear scene rad.iati~~~~
characteristics, atmospheric transmission) cannot be accurately modeled_ An empirically .~Lx-&x!  r$y.tan~
correction factor is used to account for all sources of error collectively without the need to u.ndz,,tix,r &IL
quantify the individual contributions. For TACNEPH, surface temperature climatoloc-r data +i:lcc4  h%.r
the correction factor, are used to predict cloud free satellite brightness temperatures. ‘1’~.t L :. , . i” ; I
applied to the correct climatological temperature to discriminate cloud filled  and partiailv  iz ; <:) 2~ I .’ / ;
the cloud free background and to calculate their relative contributions to the total cloud : VI: *(_  ; L Al.
threshold algorithms that attempt to discriminate cloudy from cloud free pixels are inhere,:dy ir~3capai:le.  ox
accounting for partially filled fields of view (FOV).  This is illustrated in Figure 21, where the parr.~;tllg
filled FOV are misclassified as either cloud filled or cloud free. This problem is compounded ay the faci
that cloud boundaries tend to be amorphous and the actual definition of where they W-V geneqlly
depends on the application_ The TACNEPH algorithm attempts to minimize these problems .jy usin  * t’~
thxsholds to define separate cutoff values for completely cioudy and completely clear pixel; (Pip,11 = .“,>
Data points that lie between the two cutoff values are treated as partially filled (i.e., contain a -lc,d !yzjs
‘stirnation  of the contribution of partially filled FOVs  to the total cloud amount is accomplisix  1 ri,rr, :_I. -3!‘:

\- energy  balance equation adapted from the spatial  coherence technique of Coakley and Rreti~~.  :‘i(-:, i, ;‘i_‘)
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Figure 2. Histogram of infrared radiance for a partly cloudy, multi-layer &ad XX;;~~I; iUns~ratir~g  tow (a)
single threshold and (b) dual threshold techniques classify pattially  filled KNs.

A two channel approach developed for the OLS during daytime is simi’iar  to the. sir&c2 c:ir~~te2
algorithm described above but is applied in two dimensions. Conceptually the two chiu~e; approach  i2
straightforward., data from both visible and infrared sensor channels are analy;led  ji~~iu1t:!ij~~!i~~?~  us”ng
two pairs of cutoff values, one pair in each dimension. Data that are cold., bright, or CG~T!  a~aad  bright
(relative to the respective cutoff values) are classified as cloud except over snow% ice, and dcser~
backgrounds. Data that are both warm and dark are unambiguously classified as clear. Warm bright
regions require an a priori clear scene classification to remove the ambiguity caused 5; i.trz 4r~i‘$ri:y  in
radiative signatures of backgrounds such as deserts and low cloud_ Data points that fa. ~:ct~a:~l  ::.iT  iOur
cutoff values are classified as partially cloud filled.  Their contribution to total  cloud XX x:::. is c;alr,k?;ated
geometrically and is assumed to be proportional to the normalized distance from b&i cle-x cu&T v&es in
the space defmed by the intersection of the four cutoff levels.

AVHRR multispectral algorithms use up to five separate tests that exploit different cloud spectral
signatures. Each test is applied in succession and results are combined to classifv the scene characteristics.
Generally, tests that rely on reflected solar radiation (i.e., use channels 1, 2, or 3, can misclassify .;now,
ice and sun glint over open water backgrounds as cloud. The main exception are testy th;:r  USC  charmel 3
dxa over frozen water backgrounds since ice and snow are relatively non-reflective at th~,se wavelengtfls,
however, sun glint affects all three channels. The problem of discriminaring  these problematic



backgrounds from cloud is also data constrained since no separate databases a+~ x.vailab;c  ;,. tr~ie;.
characterize  the backgrounds, therefore snow, ice and sun glint algorithms were devclo,pe.rt  usEr%g  %e

- sensor data alone. Snow and ice are detected by comparing the solar component of daytLme  chann&  3 data
to channel 1 visible data. For cloud, both will be bright, however over snow and ice only the visible is
bright. Specular reflection over water remains a problem despite knowledge of the solar and satellite
observing geometry since glint can occur well away from the specular point depending on sea state and
wind direction. The sun glint algorithm tests for a series of conditions that resemble cloud in the reflected
solar tests but do not in tests that rely on emitted IR radiation only. However, this codition  alone is not
sufficient to detect glint since low liquid water clouds can exhibit the same characteristics. An additional
criteria requires that the magnitude of the channel 3 data approach sensor saturation, a condition that
normally occurs in glint conditions since the channel 3 radiance is very sensitive to even sma:l  amounts cr
reflected solar.

AVHRR cloud tests generally rely on channel differences or ratios to discriminate cloud signatures
from those of terrestrial backgrounds_ Due to the unique radiative characteristics of low clouds and fog at
3.7 l.trn relative to long wave IR channels, comparison of channel 3 and 4 brightness temperatures is 2
particularly powerful low cloud discrimination technique during both day and nighttime. At 3.7 pm liquid
water clouds radiate as gray bodies whereas at 1 lprn they are nearly black (d’Entremont  et al,, 1487). /&s
a result, at night the lower cloud emissivity  results in cooler channel 3 brightness temperahrms  relative to
channel 4, however, during the daytime the combined emitted and reflected solar components cause the
derived brightness temperature to be relatively warm compared to channel 4 where there is only emitted
radiation. AdditionaIly,  due to the highly non-linear shape of the Planck function between c :~nneI  3 and 4
wavelengths, the relative contributions to the brighmess temperature derived from the ir~gr-~:~~l  minSurrr
over the relative channel bandpasses of (cold) cloud and (warm) backgrounds for partially filled FOV
differs between the two channels. At 3.7 ltm the warm background dominates the cold clo,nd  and the
ierived brightness temperatute is warmer than at 11 lurr. This signature is useful for detectit& 3 bn ken and

_ transmissive high (cold) cloud at night, particularly optically thin cirrus.

Other cloud tests use relative differences between the split visible (1 and 2) and split  long wav !I?
channels (4 and 5). Relative visible and near IR clear scene albedo measurements will diffe  i:epeding w
background Over water, both channel albedos tend to be low but enhanced aerosol scatteri; t& :. xrIa. ’
generally results in a slightly higher scene albedo. Over land the signature reverses except in casts 3‘
extreme aerosol loading since vegetated surfaces reflect preferentially in the near IR. Clouds tend EC
obliterate the background signatures and reflect approximately equally in both channels. However, t.:*
absolute magnitude of the measured channel 1 and 2 radiances can vary significantly cser a seen
depending on the relative reflectivity of the observed surface, solar geometry, and anisour  .:ic effects. ss
cancel these effects out of the cloud detection algorithm the ratio of the two channels is us& to disc+ a‘~
the background signatures from the cloud_ A cloud signature is assumed to be a ratio of ap* ~xin: t ‘
Split IR channel data are used to detect ice cloud and small particles along both ice and WL..Q  ;lou?. $ges
regardless of time of day. Inter-channel brightness temperature differences are expected ? -.I” 7: -‘Y A~
preferential water vapor absorption at channel 5 wavelengths, however, in the presc;lc L ir %i‘.
differences exceed the theoretically predicted amount Inoue (1987) recognized that ti de:. ‘_, :: ‘\, ;i ?
caused by unequal  extinction from thin ice clouds at 11 and 12 pm, with the greater extinc:-It\..  c culr  mu, U
12 ltm-  Prabhakara et al. (1988) extended this signature to include both liquid water and 1: L c!ol!&s wh. ;
the droplet or particle size was smaller than the channel wavelength. Saunders and ‘“riebel  (198i;)
developed a test to exploit these signatures through a theoretically derived look-up mble  01 expc=cted  clear
scene channel differences caused by preferential water vapor absorption at channel 5.

All of the above tests are well suited to the TACNEPH application since they CO no>_  req;iire
complicated radiative aansfer calculations or frequent updating of supporting databases. In rryz\,t  :.-xe; t.he

TOSS cloud signatures can be unambiguously inferred by simply contxxsting  one channel ~g:. 1 : :. ‘)1,1:r,



3. VALIDATION PROCEDURE

During the algorithm development process the cloud detection techniques where extensively tested by
visually comparing the algorithm results (displayed as a cloud mask color coded for each of the tests) to -
the original satellite data. However, a more quantitative measure of algorithm accuracy was required
before the algorithms could be converted for operational use. The only sotuces of data readily available
for the TACNEPH validation study were DMSP/RTD  and NOAA/HRPT direct broadcast ground stations
at the Phillips TAboratory  in Bedford, MA. The coverage area from these  systems ranges over the eastern
U.S. and Canada to the western North Atlantic. It is assumed that performance of the cloud algorithms is
dependent on (at least) representative cloud types, scene illumination conditions, and background_ To
exercise the algorithms over as broad a range of these conditions as possible given the input data con-
straints and man power resources, two regions of interest (ROI) within the coverage area went selected to
represent terrestrial and oceanic backgrounds (Figure 3). Data were collected for each ROI over 8-10  day
periods from four seasons: June, September, December, and March; for daytime, nighttime and near
terminator orbits.

Validation consists of an evaluation of algorithm accuracy based on a quantitative comparison of
automated algorithm results with a corresponding manual analyses of the available satellite sensor data_
The output of the manual analyses is used as truth for the purposes of these comparisons. This approach
was selected since 1) there is no universally accepted source of ground truth for cloud and 2) it was felt
that a manual analysis by an experienced analyst would provide the most accurate and&n&tent  truth  data
possible for evaluating satellite nephanalysis algorithms. To support the manual analysis an interactive

Figure 3. Selected regions of interest for validation study; the land ROI covers the 7~~3  3.541 N latitude,
78-83 W longitude; the water ROI covers the area 35-W N latitude, 73.5 - 58.5 W le>ng~&e.



Tutine  was developed and implemented on dedicated image processing computers at the Phillips
aboratory. The program assists an analyst to manually classify and catalog cloudcontaminated pixels in

~---fnultispectral  satellite imagery through a set  of interactive man/ machine functions that support full co%or
multispectral display, image enhancement, segmentation and thresholding. Actual delineation of cloud
boundaries in a scene is accomplished through a technique known as threshold blanking_ Here the analyst
selects and displays one channel of satellite data as a raster image on a monitor and interactively raises or
lowers a pixel intensity threshold on a selected subregion. The threshold is adjusted until it accurately
delineates the cloud boundary as determined by the analyst. The magnitude of the threshold leve! is
viewed on the monitor as a user selectable color shading of the image. For example, if the analyst
chooses, say, a green shade then pixels with intensity levels below the current threshold will be displayed
as shades of green while pixels above retain their original gray shading. This allows the user to see whrre
the threshold level is set without obscuring features with intensity levels below that level. Threshold
blanking was selected over other possible techniques because it was felt to be the most accurate way of
transferring the analyst’s realization into a digital form.

The manual analysis is performed on a selected subregion using imagery for from one sensor channel
at a time. Since it is unlikely that a single threshold applied to a single sensor channel will accurately
identify all cloud boundaries in a scene, the process is iterative. Typically different parts of a scene are
most easily analyzed using different sensor channels (e.g., visible channel for dense liquid water cl6;:uds
over dark backgrounds or long wave IR data for thin cirrus). Therefore the analyst has the option KI

repeatedly segment the scene in whatever way is most appropriate through interactive selection CC optima.1
sensor channel and subregion combinations. The manual analysis procedure is represented schcrnatic&!y
in Figure 4.

- lgure 4. Schematic of AVHRR manual cloud analysis procedure.



Manual cloud analysis is perform& as a single blind procedure since the analyst has no k:;t:~*l&ge  of
the automated algorithm results but & aware of the algorithm characteristics. In addition  to Lhc,  i;:itel!iic  data
the analyst also has access to conventional surface observations over the land backgrouiG ~r=i:i~ of
interest (Figure 3). Surface based reports of cloud cover are used only for guidance and IK.VZI  13 replace
the satellite data. For example, if an analyst suspected a fog or low stratus deck from exarni~&:~  of, say,
a composite 3.7 and 11 pm image, this could be confumed by looking at surface reports irom  that area.
However, a surface report of fog, without supporting evidence in the satellite imagery, -would not be
extrapolated to the larger satellite scene.

4. RESULTS

Final output products of both the manual and automated algorithm analyses are bill;?r.y images
depicting the cloud filled (1) and cloud free (0) regions of the scene on a pixel-by-pixel basis I:‘L->+LKI~
cloud amount can be readily calculated for any selected grid size. Comparison statistics were coniputed
over a 32X32 pixel grid selected to approximate the grid spacing that will be used in the cp=r?tional
implementation of TACNEPH.

Individual comparison statistics for June and September are summarized in ‘Yable  I. A tc taJ of 60
scenes covering the regions identified in Figure 3 were analyzed through both the automate4 zlS:~+e!t~:~  wed
the manual classification procedure. Statistics were compiled for mean cloud amount &WI II-K=.  _:~?~c’,~~~zc&
and manuak  analyses, mean cloud difference and standard deviation, and root mean squ~_r~~  CI I JI @ez~~kt.s .
are stratified by satellite  orbit and time of year. Statistics for December and March are still  be ~nq~i!c-:L

Table 1. Comparison statistics between automated and manual analyses for June and Sepccm&:r  z :a.~_
study periods.

I Automated
June

Day
Night

Terminator

September
Day

Night
Terminator

54.4
49.1
46.7

55.4 59.9 -4.5 5.5 14.8
73.5 72.4 1.1 10.4 26.5
70.2 68.8 1.3 5.6 14.9

Manual

54.2
53.7
53.4

Standard
Difference Deviation RMS

0.2 8.0 22.5
4-Q 7.7 18.2

--6.7’ 8.8 25.0

These preliminary results show good agreement for fractional cloud amount betwxii  &I::,, tuto  &A
and manual analysis techniques for the summer and fall cases. F&IS differences tend 10 irni,  I - 7 p~~_str.x
disagreement than mean differences or standard deviation due to the weight the RMS statists,: Li.<L_s  IQ large
errors. A relatively small number of missed clouds could have a disproportionate .tifect QY t.h~ WMS
magnitude (e.g., low cloud identified by the manual analyst but not detected by the z_w:_G.,;.  ag,;,; ~~;rrr:.
will result in a 100% difference, the affect of which will be squared in the !?::~i’ ,:alc\lI.ation)
Confirmation that the overall analysis accuracy is good can be obtained both fern th. ,t:.;i 2~. ~,~ti~stiics
in Table 1 and from histogram plots such as those contained in Figure 5. Cornpci.:I  ,:. K<~.;:#!~L  are
computed for each of the cases in Table 1, and contain the frequency distribution oi the nra;nitr!dc-  & the
difference between the automated and manual fractional cloud amount computed over eacca 3X:32 pixel
box in all analyzed scenes. Note that in each case the histograms have a characteristic spike at 0%
disagreement and_ as indicated by the standard deviation statistics in Table 1, most of + .1 .,<-,-  .1CU .a, ;; i_.‘ibb:
a few percent of that spike. Also noteworthy is the absence of even small spikes .I: ,,:..I -t 0: ::i:? 71~s
that would indicate a tendency for undetected or overanalyzed clouds. Most -zf &c;;  diffr::.:,--,. “1 TV
explained by inconsistencies in where the analyst and the automated routine estahl:, -ed cloud edges.



Figure 5. Histogram of difference (%) between manual and’automated cloud analysis results tar I?;ric: b)
day, b) night, c) terminator and September d) day, e) night, f) terminator.
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THE TACTICAL NEPHANALYSIS
PROGRAM (TACNEPH)

1. Overview ’

The Tactical Nephanalysis (TACNEPH) program is a four-year research crforf

being conducted by the Satellite Meteorology Branch of the Phillips Labaz&xy

Geophysics Directorate (PUGPAS) and sponsored by the Defense Meteorologicar

Satellite Program (DMSP) Systems Program Office (SPO), Space and Missile SystsnIs

Center (SMC), Los Angeles, CA. The TACNEPH objective is to develop and validate a

set of robust, relocatable regional cloud detection and analysis algorithms that

generate gridded fields of cloud parameters using only the resources available on the

MARK-IVB Tactical Terminal currently produced by Lockheed Space and Miss+;

Systems in Austin, TX.

The required attributes of the TACNEPH analysis are autonomy, irai ltarxjl ta&li%,

reliability, and optimal degradation. Autonomy means that the cloud analysis is

performed without supporting input data from a central site such as ?he Air L ,oi ;c

Global Weather Center (AFGWC) in Offutt AFB, NE. TransporCability  r-v- XY~ ‘hat II 1;’

TACNEPH cloud algorithms must operate within the contraints  of tact,& terr:irna:

ingest, computing, and display capabilities. Reliability means that an accurate clix~d

analysis will be produced at any location around the world. Fin*qlly opr-~/;‘~

degradation means that TACNEPH algorithms will produce the most acc:tr;  3.:‘~ ~n*~ly:;i~~

possible based upon available satellite data resources.

The data resources available to the Mark-IVB, and therefore utilized h\< Tb fiN’gpI 1;

are the DMSP Operational Linescan System (OLS), Special Sensor Micr: ‘.!‘3’\  I >!: .:, ;‘tzr

and Temperature Sounder (SSM/I  and SSMIT,  respectively), the Nationai <It.  ear 1 arc

Atmospheric Administration (NOAA) Advanced Very High Resolution Rt.dicrz?etel

(AVHRR). Limited conventional surfac e and upper-air observations may be available,

and the TACNEPH is being designed to operate with or without conveni,,i~, I data.

Data not used by TACNEPH are the NOAA High-Resolution Infra-Red Sounder it-;!!?:::)

and the Microwave and Stratospheric Sounding Units (MSU and SSU), and ti .P GCES

Visible-Infrared Spin Scan Radiometer (VISSR) and VISSR Atmospheric.  3our&t

(VAS).
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The cloud parameters that TACNEPH must generate are total cloud frac&s?  (!.a.,

amount), cloud base, and top. For each layer of clouds the type, amount, an11 ha;,lrl;“is

are also to be specified. The microphysical properties and radiative characierisrie::  of

clouds are not included as required TACNEPH parameters, except to the extent to

which cloud phase can be inferred by type. The required cloud attributes must be

generated in glidded field format for relocatable, regional areas anywhc;rz OR the

globe.

The four-year TACNEPH development began in May 1990 and ends in /:p: Ei .; 904.

Semi-annual technical / programmatic reviews are required, nominally in SeFjlernlsc:

and April of each year. The first was in December 1990 and the second not until

November 1991. The primary responsibility for carrying out TACNEPH belongs to the

Satellite Meteorology Branch of the Phillips Laboratory, Geophysics Direcisrate  ( PL /

GPAS ), Hanscom AFB, MA; POC is Mr. James T. Bunting, DSN 478 - 3495, (SlY)

377 - 3495. In-house support for TACNEPH consists of four man-years par !‘ear of

government researcher and administration effort. This research is mainly toc!,ssc!  !)I-I

development of multispectral cloud detection and analysis techniques. Other

responsibilities of GPAS include program management, reviews / report prs;>zration,

and delivery to the DMSP SPO of annotated TACNEPH cloud analysis algorithms f,_)r

use in the Mark-IVB environment.

In-house~contract support to GPAS 1s provided by Atmospheric and En~iuonmsntal

Research (AER), Inc., Cambridge MA under the management of ,~+r+-!.-*i@

investigators Mr. Ronald G. lsaacs ( (617) 547 - 6207 ) and Gary B. Gustafsop  ( (6-E 7)

377 - 4510 ). The AER level of effort consists of four man-years pe:: )~:;-3r.  ?-hi:;

support consists predominantly of development and maintenance of re::.:;:  :.I!  2:.;.dc

TACNEPH computer software and also includes assistance in the del.:t:+  ~:r,? of

cloud analysis techniques and in the acquisition and handling of real-time N0.Q; and

DMSP polar orbiter data at Phillips Laboratory, Hanscom AFB.

2. Task-by-Task Program Synopsis

In this section a summary is presented of each of the nine major tasks of the

TACNEPH program, complete with a statement of objectives and deliver~h~~s.  ,Fiq+~rs
1 shows each task along with its period for accomplishment. I n  tiW ~3liowirig

subsections the discussion of tasks is ordered more by data source than by ‘r+e &t-ts o?

task initiation shown in Figure 1. The original (May 1990) task enumeratior; appearing
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_ in Figure 1 is given here in parentheses.

The TACNEPH effort requires intensive computing facility resources to handle the

large amounts of multisensor, mulitplatform  satellite data as well as the development of

software needed to process and analyze that data. Software develooment  is

performed mainly on the PL / GPAS Air Force Interactive Meteorological System

(AIMS), an integrated computer system of distributed general-purpose VAX and

Encore processors, Adage imaging computers, VAX-based monochrome and ,:3lor

workstations, SPARC-II, Macintosh, and IBM PSI2 workstations. AlFS h;;s beer1

developed specifically to support research in environmental satellite d&a processing,.

Real-time direct read-out satellite data are acquired at the AIMS polar orbiter DMSP

and NOAA groundstations and geostationaty (GOES) and groundstation and stored in

a 24-hour rotating on-line archive. Before being overwritten, digital data can be stored

(archived) on optical disk or 4 mm tape. Global meteorological observations in the

form of surface, upper air, and numerical gridded model guidance are received and

decoded automatically via the National Weather Service “Family of Serv&s,’  satelU+f

link. A schematic diagram of the principal AIMS components is shown in Figure 2.

-
2. I Dater Mancfgemenf  cbpW.ities ( Task I )

The first task initiated and still ongoing is that of the Mark iV-tj c;:_&;k:  -,e

management which has the objective of developing AIMS software fo i %A~~- ”

requirements for handling and displaying many of the extensive sensor and supportrng

databases available on the Mark-IVB. TACNEPH Data Base (TDB) software supports

management of most (e.g., no SSMTT-2)  polar-orbiting satellite sensor data and

corresponding ephemeris such as earth locations, solar zenith and sun-satellite

azimuth angles, times, and calibration. Also included are image procL:ssi, 1g

functionalities (in multi-projection formats) and unpacking algorithms for AVYRR dat?

tapes in the NOAA / NESDIS  Level 1 B format. TDB software also manrces d.ata . . ;.;n

the real-time DMSP and NOAA ingest groundstations that are a par? ‘;; i~‘vl:; TD”

provides both an interactive and FORTRAN-callable interface to suppo’ a t&c vai e;y

of TACNEPH data users. Deliverables for this task include software docun,er~tatioi,  :a

software design report, and

potential use to the upcoming

chart design and algorithm
- developed.

VAX FORTRAN source

technology transition (9)

descriptions from which
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2.2 SSM/ISurface  TemperatureNgoriihmEvaIuation(Task2)

Under this task the pre-existing algorithm currently used by the Real-Time

Nephanalysis (RTNEPH; Hamill et al., 1992) that estimates surface skin temperatures

using data from the DMSP microwave imager, the SSM/I,  is to be incorporated into

TACNEPH, and its subsequent effect on cloud analysis accuracy is to be determined.

The technical approach will consist of validation of SSM/I-derived skin temperatures

against OLS-derived clear-column estimates. Deliverables for this task inckrde

software documentation and design reports along with AIMS VAX FORTRAN source

code. A scientific report is also required.

2 . 3  SSM/ICloud&nountAlgorithm Evaiuation (Task3

Pre-existing algorithms that estimate cloud amount using SSM/I  data are again to

be incorporated into TACNEPH under this task and the resulting effect on cloud

analysis accuracy will be determined. Work on this task is not scheduled to start \!irtil

April 1993. Deliverables for this task include software documentation and design

reports along with AIMS VAX FORTRAN source code. A scientific report is also

required.

2.4 DevelopmentofOLSandAVHRRCloudAlgorithms(Task  4)

The objective of the cloud algorithm task, the largesTand most important task, is to

develop single channel and multispectral cloud detection and analysis tecilnlques  that

provide the best possible cloud retrievals under dynamic data availabili3 ciir,s;:  ;-?i!  iix

The amount of NOAA and DMSP information can range from one to five :hanr-lels  ol

sensor data at any one time, depending on region of interest, satellite sensor, ~rrr‘l  ‘;me

of day. Thus the cloud algorithms have been designed to dynamic&ly  adjust to

changes in amount, type, and coverage of data. Single-channel and multispe% Z!

algorithms have been developed for visible-only, infrared-only, and multispectral  dais

mix conditions.

TACNEPH cloud algorithm development initially started with the global Real-Time

Nephanalysis (RTNEPH) model which has been in continuous operation at AFGWC

(along with its predecessor, the 3DNEPH) for over 21 years and which is avaiiable  in a

research-grade form on the AIMS computing facility. While the fundamental

requirement to operationally analyze satellite data to obtain cloud informaticn  IS the

same for both models, TACNEPH requirements deviate from those of the RTNEPH in
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- a number of areas. Among the more important differences are the regional vs. gl:~bal

nature of the models, the TACNEPH requirement to exploit multisensor data soutces

and to operate without non-satellite supporting databases, and the computational

hosting environments under which each model must operate.

Three levels of cloud algorithms have been developed: a single-channel ~n%ared

(IR), a bi-spectral visible-IR, and daytime and nighttime versions of a multizpectra:l

cloud algorithm. The single IR channel algorithm is a statistical threshold ilpe,

comprised of three basic steps: 1) a threshold cloud / no-cloud decision, 2) a cluster

layer analysis, and 3) a partially-cloudy-pixel analysis. The threshold step is actually a

dual threshold approach that defines cut levels for completely cloudy and completely

clear pixels. Sensor observations that lie between these values are treated as

containing sub-pixel resolution clouds or cloud edges (see Gustafson and d’Entremont,

1992, in Appendix A). The layer step is the one used by the RTNEPH (d’Entremont  et

al., 1989). The partial cloud step computes the contribution of partly cloudy pixels to

the total fractional amount using the technique applied in spatial coherence  5 tud’m

(Coakley and Bretherton, 1982). A flow chart

in Figure 3.

The two-channel algorithm, developed primari ly for OLS visible-ifs Jaia, is

analagous to the single-channel algorithm except that the cutoff threshold:: and

of the single-channel technique is shovn

subsequent data analysis are performed in two dimensions, as illustrated by Figure 4

In addition to the totally cloudy pixels, the contribution Apt to total cloud cover of the

partly cloudy pixels is given by

A
PC = 0.5 [. ( R - Rcir ) : ( Rcld - Rclr ) + ( T - Tcrr ) / ( T,,, - Tcir 1 ]

where R and T are the measured reflectance and brightness temperatture  values

respectively, of the partially filled pixel, and where all other variables are 2:: =k.l~~>~-:.i  : 1

Figure 4.

TACNEPH multispectral algorithms have as their basis the cloud clt:al 1ng

algorithms of Saunders and Kriebe!  (1988). There are six separate cloud detection

tests in the daytime (seven at night,), in addition to dynamic pre-filters for sr o’.,+J ,_ ‘:d ;ur

glint conditions. Each test is sensitive to a different cloud spectral prope:-ty  .._,~d,  as

such, a positive result for only a single test is sufficient to detect cloud Fiyre 5

contains a flow chart of the major components of the TACNEPH multlspt;&-i XIWJ

algorithm. For details on each individual test, reference is directed to Gustafson and
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d’Entremont (1992).

Deliverables for this task include documented research-grade code (developed on

and for AIMS) in addition to scientific technical reports on algorithm attributes and

validation results, most of which will be appearing in the refereed journals or PL / GP

technical reports.

-

2.5 EvakmtionofCloudHeightAssQnment  UsingSSM/TData(  Task5)

The objective of this task is to evaluate the effect of incorporating data from the

DMSP microwave temperature sounder, the SSM/T,  for determining cloud heights in

the TACNEPH environment, Cloud height assignments using SSM/T  data will be

evaluated using conventional data. As seen in Figure 1, work on this task began in

July 1992 with the development of a temperature retrieval program for AIMS.

Deliverables for this task include software documentation and design reports along

with AIMS VAX FORTRAN source code. A scientific report is also required.

2.6 DevelopCloudBaseandThickness  Algoriihms(Tak61

The objective of this task is to develop techniques that provide improYed estimates

(relative to the RTNEPH) of cloud base / thickness using data that are av&ilable in the

TACNEPH environment. Although their availability may be limited, tech;;_#iques  that

incorporate surface observations of cloud cover will be considered as well.

Techniques to be explored include statistical, direct-measurement, and remote-sensing

based algorithms that principally exploit daytime cloud optical prope:;i%c-_  :IT! <;;I,TIY  oF

multispectral cloud reflectivities. Such reflectivities include measureman&  rioi I fX&P

OLS-L and NOAA AVHRR visible, near-IR, and mid-wave IR sensors (0.63, Cr.ct, g,nd

3.7pm, respectively). Arrangements are being made to interact with scie:ltit;t~ :‘rsm

NASA-Langley who are also actively working in this area (see for exa.~:-:pls Srr~?!-:  n-i 4,.

1992). Deliverables include software documentation and design !~;;.I(I!T~:::  :i!~),-::~~  J;!i~

AIMS VAX FORTRAN source code. A scientific report is also required.

2.7 Qucrlity CbnOolmdTuning(Task7)

The objective of the quality control task is to investigate and develop im~Jrwed

methods of TACNEPH cloud product visualization techniques and ,to providf-!  for

determining cloud analysis quality in ways that minimize manpower roq!rrcomcr:as  in

the Mark-IVB environment. PL / GPAS has over ten years of experience with -
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visualization display techniques that have proven invaluable in RTNEPM algorithm

_ transition studies at the Geophysics Directorate (Bunting et al., 1983; d’Er&efrL>nt  at

al., 1987; d’Entremont et al., 1989) and in operational, real-time applications cl image

display techniques at AFGWC and the German Military Geophysics Office in

Traben-Trarbach, Germany (Klaes et al., 1992). This experience will be appired ir;

development of TACNEPH visualization procedures. Work on this task is i7o.i

scheduled to begin until FY93. Deliverables for this task include software

documentation and design reports as well as AIMS VAX FORTRAN source coda,

2.8 Process Conventional Cloud Observa-Lior~~  ( Task 8 )

The objective of this task is to assimilate any available conventional observations

of cloud cover into the TACNEPH cloud analysis product, with particular emphasis on

improving the detection of low clouds and specifying cloud base and thickness

However, unlike the RTNEPH which merges independent satellite-only and

conventional-only analyses of clouds, the TACNEPH approach will coa:sist  of ar ,alyzi;lg

satellite data with the a @on’ knowledge of surface-based observations of clorrds. By

using the two types of data in conjunction with each other, discontin&i:es  will be
-

minimized (or even eliminated) of cloud amounts and/or altitudes merged (folced) into,

the satellite analysis as a consequence of ground observations. Work on this task is

scheduled to begin in October 1992. Deliverables for this task include ~!:~c:umented

research-grade code (developed on and for AIMS) in addition to scieliu;ic I.& Inic;;ll

reports on conventional algorithm attributes and validation results.

2. 9 TACIEFH Computer Logan ( Task 9 1

TACNEPH computer program development and maintenance IS :;1,  lash;  tr,, : .

ongoing throughout nearly the entire TACNEPH project period. “TACrfE?“i I ~-‘;.~r t’:’

program” means the AIMS research-grade software that performs a$. :?I~ ;;:‘;; $7 1

testbed and whose design will serve as a potential Mark-IVB operation jj 1 p ;,P iI

The principle design philosophy of the TACNEPH computer code is sl~ri hc” !;i) 7nc

cloud algorithm analysis functions are independent, modular routines ;hai c&i, be

maintained separately but that operate together to perform analyses bu.~3c;.,  ,:’ I iiifr;, ins

levels of satellite data availability. Enforcement of this standard is an ,4EF?:

responsibility that is monitored periodically by GPAS programmers. Deii\:erables  for

- this task include software documentation and design reports as well as AIMS AJAX
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FORTRAN source code.

3. Algorithm Validation

The candidate algorithms were developed and tested using case study data sets

that were collected to represent the globally varying conditions under which TACNEPH

is expected to operate. Climatological and geographic ranges include the tr’opics;

low-latitude desert; mid-latitude vegetated land and ocean; and polar surface

conditions of land, water, and ice. For each scene a time series of 8-l 4 days of data

have been obtained for summer and winter. Interactive display techniques have been

developed that depict algorithm results as color-coded overlays on the original sateltite

data. In this form the quality and accuracy of the TACNEPH cloud analysis is easily

discernable, and especially helpful in identifying problem cases of low clouds and thin

cirrus and inaccuracies arising in areas of changing topographic conditions such as

coastlines.

In addition, AVHRR data obtained locally by the AIMS groundstation are being

processed in near real-time by the multispectral TACNEPH algorithm. Resulting ~;otid

analyses are being manually inspected by a trained image analyst for accur~.~  3~; ro

help identify systematic problem areas of the cloud analysis itself. The arc-3~~  ,lf c;Ioud

analysis are Hudson Bay, New England; the Gulf Stream region south of Nsw England

and east of New Jersey and Delaware, and Florida, all of which are within ‘ihe ar8a of

coverage of the NOAA polar groundstation at Hanscom AFB.

Results are encouraging for both single and multispectral algorithms. Mi;~iGspectr~P

AVHRR algorithms in particular show an improved capability relative to rrre RT’NEPi  I ,iu

detect low clouds and fog. Analysis of cirrus, especially thin cirrus as WG$ as

snow-cloud discrimination in the polar regions, are also improved. The algorithm also

provides information on cloud type, phase, and layer altitudes. Res~lltl- ‘:: :ii :;7c

two-channel visible-IR algorithm have been evaluated using AVHRR ch~?r,ei.~  2 :: --id 4

as surrogate OLS-L and T channels. Problem areas that are being irtJastik;at.ec

include incorrect modeling of background reflectance over desert and ocean;

snow-cloud discrimination under conditions of low solar illumination; clear-cloud

discrimination in regions of coastlines; and the accuracy of supporting dc.tahases such

as geography type and surface skin temperature climatologies and corrections.

A separate algorithm validation set will be assembled specifically for TACNEPH

-8-



algorithm validation purposes and to insure continuity following TACNEPH ?
-

activities. Air Weather Service (AWS) representatives from the SPO have asked to

participate in the specification of the validation data set and have also agreed to assist

in the acquisition of high-resolution sensor data from OLS and AVHRR. PL and AER

welcome SPO suggestions on the selection of suitable test

designing of the:validation  procedure. +,.<_* .h.tid z=.-~, -i;-,..b$
5 ti&,J .-L& %Q_ t&k\

4. Present Program Status

scenes and in the

Figure 1 gives timelines and progress for the nine tasks in the TACNEPH

development undertaken by GPAS and the major support contractor, Atmospheric and

Environmental Research, Inc. (AER). The following tasks were ongoing as of August

1992: Task 1, database management, including real-time data ingest; Task 2, SSM/I

surface temperatures; Task 4, OLS and AVHRR algorithms; Task 5, SSI;NT cloud

heights; and Task 9, TACNEPH computer program development. AER +.-IS  complstec’

three data base subtasks and provided software design reports for them. Task 6,

cloud base and thickness algorithms, will start September 1992. Tasks 3. 3, a,=rd 8 a~;.

scheduled to start later.

Also completed under Task 1, satellite ground stations now pro:jld‘  I 2ab fiti~c

DMSP and NOAA data ingest which is used in direct support df TACNE”\i f-.: ‘, 1

the NOAA ingest has provided the cloud algorithm quality assessment data se& i~r ihs,

four geographic areas referred to in Section 3. The real-time DMSP ir~!:~  .JL .IS, .:ll;

recently become available, and will be used directly in the valif”ai:t  f~ ,.,I  ihe

single-channel and two-channel OLS algorithms and in the utilization ‘Y? Ii _i( “+.I/(2

algorithms.

Under Task 4, algorithms have been designed to identify clear, pc ?!, +~~~~i.,  _I’ !

cloudy samples for one, two, and multi-channel data available from OL$ ._I/!:. h ‘:lijR

Task 4 also calls for surface temperatures estimates from the satellites jc,r cle, r i”eas

The surface temperatures are needed as input to Tactical Decision Aids LT.;ers  ano

also improve the cloud detection. All of the TACNEPH cloud detection algorithms use

a surface temperature test at some stage for cloud detection. The ser:;,ud surface

temperatures allow automatic updating of corrections to the surface temperature

ciimatology to reduce errors associated with the climatology. Similar pro!.  ret-.;  has

been made in generating background brightness fields for visual and neae infrd.r:xi

channels.
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In addition to the algorithm development, government personnel have assisted in

evaluating the capabilities of the Mark IV-B and in preparing a Meteorological User’s

Guide for it. Moreover, information on TACNEPH algorithms and cloud display

capabilities has been provided to DMSP Block 6 efforts and to the AFGWC for

planning and transition purposes.

5. Technology Transition Issues

Details of transitioning the science and technology contained in the cloud detection

algorithms developed at GPAS have never been specified. Uncertainties as to final

host hardware and overall size and complexity of TACNEPH algorithms and support

databases have precluded detailing the process. Now that these hardware and

algorithm constraints are known, the T* process must begin.

Technology transition in the sense of construction and implementation of

operational code is considered by GPAS and its in-house contractor  to be

supplemental to and distinguished from the TACNEPH program outlined in Sections 1

and 2. The overall GPAS responsibility in TACNEPH is to incorporate staie-cf-the-

technology cloud detection and specification techniques into new algorithrrrs  and

implement them on AIMS as a research-grade code for the purnose  of

proof-of-concept, technique demonstratibn, and validation. The distit  ,::Cions  betwsen

research and development, vis-a-vis operational implementation of ‘i‘P.6;; .EPii are

indicated in tabular form below.

TACNEPH Implementation Issues

Research and Deveiopmenf Opercrfiond

1. Research (Changeable) Code
2. Case-Study Datakcrses
3. Post-Facto, Episodic Operation
4. Augmented AIMS Hmdwme
5. Case-Study Vehicle

Opera!icnal  (Robmt; i3:x:d~:
Continuous, Regiomi. 1.~ I i.uk~r,~s

R&-The  Operation
Mm4 K-B Hmdware
PYirne Use - Operational Sqqzxk

The T* elements that GPAS will provide are documentation, reporting, and

validation data set maintenance. Software per se is not a deliverable item. All
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software developed for TACNEPH is in the form of research-grade code and can onl)

be executed on AIMS. However, it is anticipated that the source code listings wili bt?

useful instructinal aids for programmers tasked with the operational imp~ementatior~  of

the algorithms.

Although GPAS is not constructing or implementing the operational code_  its

software transition process is being assisted by adhering to stringent doc~~menta”rlo~

and reporting standards. Documentation means plain-language lescrlption: XICC

supporting diagrams indicating for each algorithm 1) its function; 2) the control

sequence; 3) input / output specifications; 4) supporting database structure, access,

utilization, and update; and 5) its integration into the overall TACNEPH program.

The reporting T2 element includes written technical reports (detailed jr, Sectjon 2).

periodic reviews, and algorithm demonstrations. As part of the reporting elemenl’,

TACNEPH architecture documentation will be prepared for each scientific task as if

proceeds, is completed, and is integrated into the overall TACNEPH program. Thee

reports, along with reviews and demonstrations, will be constructed with the trairsitior?

process in mind and are available to the sponsor and other concerned agents,

The third T’ element of TACNEPH is the assembling and maintenance of stand:1  r1-
validation data sets for the four test areas employed in the research effort (r&tip FL!

Section 3). These data sets will be used during the R&D effort to XL~S th::

effectiveness of incremental improvements and will be used to insure +r- I* kr3t+  lir,<.il

operational cloud analysis model is functioning correctly.

Neither GPAS nor its primary in-house contractor has the experience in producing

opertional  code that is required to successfully T2 the TACNEPH algorith6ns  fo tiic

Mark IV-B environment. It is therefore recommended that such an age 1.i: SC, >n in

recruited and become involved with the TACNEPH program at GPAS.

6. Recent TACNEPH In-House and Prixnq Contractor Publicatim~

6. 1 Presentations at Cloud Impcts OE DcD O_rerations and Systems ( cvsC,S  -

91 I, July 199 1, Los Angeles CA.

Gustafson, Gary B., Jean-Luc Moncet,  Ronald G. Isaacs, Robert P. ‘!‘5r’.:r3rnGn’

James T. Bunting, and Michael K. Griffin, 1991: TACNEPH :S!~:c:~<:  :‘k,:, jr,91
and Multispectral Cloud Algorithm Development. Proc. CIT)OS-5  1 hi, 1% :
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lsaacs,

Los Angeles, CA.

Ronald G., and Gary B. Gustafson, 1991: Tactical Nephanalysis (TACNEPH)
Program Overview. Proc. CIDOS-91, July 1991, Los Angeles, CA.

Thomason, LarN W., and Robert P. d’Entremont  (Presenter), 1991: Simulation of
Color-Composite Imagery on 8-&t Display Devices. Proc. CIDOS-91, July
1991, Los Angeles, CA.

6.2 Sixth ConferenceonSateLliieMeteorologyandOceanography,  Atiania
GA,January 7992

d’Entremont, Robert P., Donald P. Wylie, J. William Snow, Michael K. Griffin, and
James T. Bunting, 1992: Retrieval of Cirrus Radiative and Spatial Properties
Using independent Satellite Data Analysis Techniques. Proc. Sixth Cent.  on
Satellite Meteorology and Oceanography, 5-10 January 1992, Atlanta GA,
Amer. Meteor. Sot., 17 - 20.

Griffin, Michael K., Robert P. d’Entremont, and Larry W. Thomasorr,  1992: The
Simulation of Multispectral Composite Satellite Imagery on &Bit Color
Workstations. Proc. Sixth Conf. on Satellite Meteorology and Oceanography,
5-l 0 January 1992, Atlanta GA, -Amer. Meteor. Sot.,  J92 - J95.

Gustafson, Gary B., and Robert P. d’Entremont,  1992: Single-Channel and
Multispectral Cloud Algorithm Development for TACNEPH. Proc. Siy1h %:-&
on Satellite Meteorology and Oceanography, 5-I 0 January 19:5~.,  ~At1:rr-k~  Gz:.

Amer. Meteor. Sot., 13 - 16.

Ward, Joan M., H. Stuart Muench, Robert P. d’Entremont,  Michae! K Griffin, Gary B.
Gustafson, and James T. Bunting, 1992: Development of is: !cir!  ~~il~~,:~_~?  ‘i’t;,rairr
Elevation Data for Satellite-Based Cloud Analysis Models. Proc. Yl;li+ ‘.:.rr:!.
on Satellite Meteorology and Oceanography, 5-I 0 January 1992,  L4tl;w1ka GA,
Amer. Meteor. Sot., 25 - 27.

6 . 3  ScieniifkReprk

-

d’Entremont, Robert P., 1992: Colocation of AVHRR and HIRS Pixel Fields of ?Jiew  for
Multispectral, Multisensor Cirrus Analysis. Phillips L&o&or)/ ,-I Geophysics
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Klaes,  K. Dieter, Robert P. d’Entremont, and Larry W. Thomason, 1992: Applying an
8-Bit Multispectral Color-Composite Image Simulation Technique to Cperatinal
Real-Time AVHRR Data. Bull. Amer. Meteor. Sot., 73, 766 - 772.

Thomason, Larri W., and Robert P. d’Entremont,  1992: Full-Color Composite Imagery
for 8-Bit Display Devices. Submitted Int. Joum. Remote Sensing, March ;992.
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Appendix A.

SINGLE CHANNEL AND MULl-lSPEClRAL
CLOUD ALGORllHM  DEVELOPMENT FOR TACNEPH

Gary B. Gustafson

Atmospheric and Environmental Research, Inc.
Cambridge.  MA 02139

Robert P. d’Enucmont

Geophysics Dimctorate. Phillips Lrrbonrory  (AFSC)
Hanscom.AFB.  MA 01731

1. IN-l-RODUCl-fON

TACNEPH is an ongoing Air Force sponsored
prow to develop a rciocatable regional cloud analysis model
for opctational  use at transposable  satellite ground receiving
stations. Key model tuquirements  arc the ability to assimilate
data from both military and civilian polar orbiting satellites in
mal time and to analyze  sensor data for the purpose of
developing gridded  fields of fractional cloud amount and
height. The TACNEPH heritage lies in the global RTNEPH
model which the Air Fotu has been operating continuously
(along with its predecessor the 3DNEPH) for over 20 years.
However. while the fundamental requirement  to operationally
a.nalyze satellite sensor data to obtain cloud information is the
same for both models. TACNEF’H  requirements depart from
RlNEPH  capabilities in a number  of areas. Important
diffenncts  a& the regional  vs. global nature of the models. *e
TACNEPH rwuirements to uuloit multiple sensor data
sources  and to operate in the atknce of hpporting  databases
from non-satellite sources, and the environments in which the
two models operate.

Multiple nephanalysis  algorithms arc necessary 10
satisfy the TACNEPH requirements. To dare four prototype
algorithms have been developed; two statisticai/thmshold
techniques and daytime and nighmmc  versions of a
muhispcctral  dcctston tree type of algorithm. Algorithm
testing  and validation is a large part of the program to ensure
that candidate techniques arc robust enough to satisfy
operational  mquircmcnts  for the wide range  of conditions that
the model could potentially be employed over. Future work
will include development of sensor  based surface radiative
skin temperature and tcflectance modeis,  application of
microwave sensor data to background characterization and
cloud height assignmenu. integration of conventional cloud
observational data into the satellite based nephanalysis.  and
interactive techniques for quality control and validation.

2. PROGRXM OVERVIEW

TACNEPH is a four year research and development
program being carried OUI  at the Phillips hboratory Geo-
physics Directorate. The principal objective of the program is
development and validation of satellite ncphanalysis aigoothms
for cloud detection and estimation of fractional cover and
altitude. Corollary efforts include development andlor  valida-
tion of objective algorithms capable of deriving additional
cloud properties including type, base, and thickness. All
algorithms arc constrained IO operate using only the Jzta and
computing resources available m a nansporablc sare!litc

receiving station. This implies that conventional data ma;’  ~IZX
always be available and that algorithms must be designed to
dynamically adjust to changes in availability of supporting data
and in coverage, quality, and available sensor  channels of
satrllitc  dam_ In particular TACNEPH algorithms arc rcquircd
to:

1) exploit multiple sensor data sources including
DMSP OLS. SSM/l. SSW and all five NOAA
AVHRR channels;

2) operate in the absence of any dynamic dzra soti\i
other than direct satellite sensor aansmis:‘n  ,-r

3) automatically se!cct the optimal prccessii;, Ui?.i-&il;
in response to changes in data availabiljry  (,i ; !.!‘t :i

4) provide techniques to customize the analysis
methodology basal on location  paramct~ts  :I-w
characterize the radiative properties of a parucui~
region; and

5) provide quality control information along with
analysis results to allow operational  users in the
field to assess the quality and accuracy of the
derived cloud propctics.

To address these  rtquircmcnts eight functionai tasks have !ccn
identified to: I ) develop sensor and supporting database capd
bilitics  including data acquisition, database managemrnt,  E.arth
location and spatial transformation. image procc.+,ng KI
display; 2) develop OLS and AVHRR  nephanaIysi5  S;~s,,-
rithms: 3) develop OLS and AVHRR  clear scene sb;~ LL np-?.a.
lurt aJgorit.hms:  4) evaluate existing SSM/I surface temperal  ;tp
algorithms for estimation of skin rcmpcratu~  5) evahate
cloud height assignment using SSWTdcrivad  tempe..turc
prcrfila: 6) &vc!op cloud base and thickness algorithms;
7) develop procedures for quality control and interactive
manipulation of analysis results; and 8) intcgzc conventional
cloud observations with satellite derived analyses.

3. cL0L-D  ALGORITHMS

The app_mch  to cloud algorithm development is
illusuaud m rtgure  1 wherein multiple algtit?ms  exist to
satisfy the ex:cmal constints  imposed by the data mix. AS

indicated by he arrows surrounding the diagam,  it is assumed
that the basc!inc capability (level 1) has the highest rcliancc  on
locally available and stored  databases (which may nquirr
pcncdic up&iing IO insum  timeliness) and the ieast rtiia~~ on
sarcllitc sensor data. As contingencies develop  that dccmse
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Fig. 1. TACNEPH conceptual  approach.

the rcliabiliry of srorcd databases the analysis prog-ram  ~111
switch to higher lcvcls of processing char  ~JX less depcndenl on
supporting data. An important fcaturc  of this muldlcvcl
approach is Lht  capabiky  IO perform simuluneous algonlhm
co-calibraiion in the field. The inhcrtnr algorithm redundancy
is exploited to calibrate one algorithm  agunst  another during
conditions of full dam availability. This provides ourput
statistics from the analysis algorithms that will IX used IO
assign confidence levels to results obraincd later during non-
optimal data-limited conditions.

Algorithms have been kvelopcd to accommcdate  rhc
range of imager data expecred from the OLS and AVHRR
insuumcnts.  Two statistical threshold  rypc algorithms  have
been designed to operate  using a single in&d thermal
window channel alone or in combination with a visible or
near-IR  channel (i.e., OLS-T and O&L;  AVHRR channels
1 or 2 and 4 or 5). Daydmc  and nighrdme mulcispecaal
algorithms use all available channels kom the AVHRR
simulraneously.  The multispccual  approach uses a decision
fTtt Strucnut  to classify individual scene features (e.g.. low
cloud. cirrus, snow, sun glint) separately through cvaluadon
of a xlccrcd set of specaal  signarurcs  at each branch. For this
application spectral signanues  are rakcn to be combinations of
channel ratios. diffcrcnccs and absolurc magnirudcs.  Thus
approach has been used successfully in opcr;ldonal  cloud
clearing applications (e.g. Saunders and Kncbcl. 1988;
Karisson and Liljas. 1990). however. for TACNEPH ir is
being modified to opzrarc as a doud derccdon program.
Information on cloud type and cloud opdcal  propcrucs is
produced  as a by-producr of rhc mulnspcczal cloud derccdon
algorkhms.

3 . 1  Sinelc

The single IR channel algorithm is a rhrce  step pro-
cedure: 1) a threshold  cloud detection ust. 2) a cluster/layer
analysis, and 3) a partial cloud analysis. The objective of this
scheme is to identify cloud-fillai cloud-k and partially
cloudy pixels within the scene and to dercrminc a repnsenra-
ovc tcmpenrurc associarcd  with each c!oud !aycr and c!oud
free area. This information is rben  used LO  compu:c  Ihe
required paramcrcrs  for each layer, namc!y %czonal  amounr.
cloud top umpcnmrc,  and alrirudc.

In general,  a threshold approach is \*e!l suircd for 3
one or two channel ccchniquc  since any unc:naimics  in rhc
data. including sensor calibrarion.  clear SC:X charactcrisncs.
and aunosphcnc nansmission.  can be accounted for in a singie
threshold value. The TACNEPH rhrcshold rest is designed 10
cstimarc  the conmbudon of completely cloud filled pixels 10
the total amount. Most threshold based cloud algonlhms  use a
single cutoff  value IO distiminalc  clod filled from cloud free
pixels. However. as illustrated in Figure 2s. rh~r will pro&c:
errors in fractional amount due IO incorrccr classification of

panlally filled FOVs. Additionally, cloud boundares  tend 10
be amorphous and the actual dcfmmon of whcrc  rhcy  OCCIU

gcncrally depends  on the applicarion.  The TACNEPH
a]gotithm afumpts to minimize these  problems through a dual
tishold approach whcnm scparau: curoff values arr
idcndficd fcr completely cloudy and completely clear pixels
Figure 2b). Data points char  lit between the rwo cutoff values
are ucaud as paniaily filled (i.e. contain a cloud edge). Image
pixels classlficd as complcrely cloud filled by rhc threshold ust
arc SubJccti  to a clusunng  algonrhm tha[ provides a
bnghmcss ccmpcraturc analysts  of a layered cloud system
(d’Enmmont  et al.. 1989). Up to four floaring cloud layers
arc Identified and representative umpcmrures  are assigned to
each  layer in order IO anchor them in a umpcnrurc  height
profile. The  third and final sup is an esamanon of rhc
conoibudon  of pardally  ffflcd FOVs [o rhc total cloud ;unount
Thus  srcp is adapted from the spatial coherence technique
dcvclopcd  by Coaklcy and Bnrhcnon (1984) In which
fractional cover is glvcn by an energy balance equation:

where  AC IS effective cloud cover. I is mcasurcd scene
radia.ncc, k]d is nprcscmarive  cloud radiance, and I& is
nprcxn~dve  clear scene radiance.  The TACNEPH algorithm
dcparrs  frcnn  the spatial coherence approach in rwo ways:
1) only pixels that have been previously determined IO by
pardAy f!kd arc used in Ihe cakuladon; and 2) klr and kid
arc obrainai from the mean radiance of the clear and lowest
cloud layer pixels, rcspccdvcly, as determined by the threshold
analysis.

3 . 2  J-wow

lk second stisd&threshold  algorithm is a two
channel approach dcvclopcd  primarily for rhc 0L.S. This
algorithm is similar to the single channel approach dctibed
above, however. a two dimensional dueshold uchniquc  is
used to clkfy the clear, cloud filed, and partially cloudy
pixels. Conccprually  the nvo  channel approach is suaight-
forward: data from both a visible and infrared sensor channels

I

-
cm2

Fig. Za Single threshold analysis illusnaring  misclasslficd
pamally filled pixels.

Fig. lb. Dual threshold analysis  illusa-aring  classiiickon of
pamally filled pixels.



arc analyzed simultaneously using two SCIS of cutoff values.
one in each dimension. Figure 3 illusrntcs how tic two
dimensional visible-IR space  is divided Into nine classtficadon
regions  by the cutoff values. Infransd  data that arc colder than
the IR cloud cutoff vaiuc  (-fcld in the figure) am
unambiguously classified as cloud over snow- and ice-free
backgrounds. Data that arc both warm and dark (i.e. below
both Tcld and Rcld and either Tclr or R&) arc unambiguously
class&d as clear.  Warm bright regions (i.e. cxcced RcJd but
below Tcld)  rcquirc an a priori clear scene classificanon  to
rcmovc  the ambiguity caused by the similarity in tadiativc
signatures  of backglounds  such as dcscns and low cloud.
Data points that fall bctwccn all four cutoff values arc
clasuficd  as partially cloud filled. Their contibution  to total
cloud amount is calculated gcomcuically; it is assumed to bc
propordonal to the distancc a data point lies from both clear
cutoff values (i.e. &b, Tcb) in the space dctincd by the
interxcdon  of the four cutoff Icvcls. The cxprcssion for rhc
cffectivc  cloud cover ~c is:

+

whcrc R and T arc the measured reflectance and brightness
tcmpcraturcs.  rcspccdvcly.  of the partially filled data point and
Tch, Tcld,  R&, and Rcjd arc the C!Car  and cloud cutoff  values
for the infrared  rcmpemtums and visible rcflcctanccs.

3 . 3  m

TACNEPH multispccual  algorithm work is based on
the cloud clearing algorithms of Saunders and Kricbcl(1988).
Five scparatc  cloud detection tests  in a hierarchical  structure
are used to character&  the scene. In addition separate  snow
and sun glint tests prc-filter the data for problematic back-
ground conditions. Each test is applied in succession and a
positive result for any one test is sufficicnr to detect cloud.

mand~cc~esn:  Three conditions arc rquircd  forW
the algorithm to detccr snow. 1) The scene  must be at or
below freezing  and still within 20 K of the c1imato1ogica.l
tcmpcrarurc;  2) the ratio of the near  IR to visible rcflcctancc
values must be near unity since vegetated land sutfaccs  rend to
have ratios  significantly grcatcr  than 1; and 3) since snow is
rciadvcly non-rcflcctivc  at 3.7 ).tm the magnitude of the
channel  3 brightness tcmpctarurc  should be near that of
channel  4. The  suspicion of a snow background prccludcs  the
USC of channels 1 and 2 from the cloud tests.

&&&UI&.  Specular  reflection off of water  surfaces
gcncmlly causes a fa.lsc cloud signarurc to occur in tests which
use channels 1.2. or 3. Five attributes  have  been idcnuficd
that are  characteristic of glint conditions: 1) near LR rc~lcctancc
is high; 2) channel diffcrcnccs  between the visible and near  IR

M WFRARED -Yl

Fig. 3. Cicaricloud classification rcgtons of the two channel
algorithm..

tend  IO bc masked by the glint, hcncc the rauo of the two
channels  is near I; 3) the combined cmntcd and rctlcctcd solar
components mcasumd at 3.7 p is large rclaavc  to the
cmittcd-only  long wave radiance nsulting in a channel 3
brighmcss tunpcnturc  much larger than channel 4; 4) rhc
sccnc brighmcss umpcmturc  is high rcladvc to the rcfercncc
cleat  scene tcmpctaturc;  and 5) LWlR char& diffetznccs
(channel  4-5) caused by small cloud or ice pardclcs  do not
exist Similar to the snow tests, a suspected sun glint rcgio.1
climinatcs any tests that rely on a nflcctcd solar signatum
(including tests that USC channel 3).

\(lslblc:  This test is a simple single
threshold  test  designed  to eliminate obnous cloud from further
processing. Diffcrcnt cutoff lcvcls arc used over land and
water  backgrounds to account for the incrcascd uncctinty  LI
the clear sccnc estimates  over land surfaces. Large threshold,
arc used to mintmizc the possibility of classifying an
abnormally bright background surface as cloud.

.to VI-: As discussed above.
dark background surfaces often appear  brighter at visible
wavclcngths than in the near  IR due to incrcascd atmosphcnc
scaturing at the shorter wavelengths. However. vcge:arcd
land surfaces tend to have a higher rcflcctancc at the channel  ?
bandpass than at channel 1, overwhelming the atmospheric
scattering effect. Cloud tends ro wipe out both of these clew
Scene  signanucs  since cloud reflectance  is approximately e~..al
at both channel wavelengths and cloud tops genetally  lie atwe
the layer of the atmosphcrc  when most scatt&ing &curs
(d’Enucmonr  ct al.. 1987). Thcrcfon. in the absence of snow
or sunglint  channel’2/chr&cl 1 ratios will be grcatcr than 1 for
most clear vegetated scenes, less than 1 for clear ocean. and
nw unity for cloud. Ambiguities occur over some dcxn and
bare rock swfaccs.

Wa c IR w: During nighttime passes,
3.7 and 11 pm  channel c&crcncc.s  are used to dctcct low
clouds and fog. Water droplet clouds have 3.7 pm emissivi-
tics tanging from 0.35090,  depending on droplet sizes and
total cloud optical depth while land surface emissivitics range
around 0.90 (Hum  1973). This nsults in lower  MWIR
brighmcss tcmpcxaturcs  nlarive to LWIR mcasurcmcnts of
thcsc  clouds. To dctcct low cloud the nighttime algorithm  usts
for channel  4 brighmcss temperaruns  greater  than channel 3
tcmpctatuxs.  In sunlit conditions liquid water clouds mflccr
as well as emit  at 3.7 j.tm. These clouds appear  warmer at
channel  3 than at the LWIR channels whcrc then is only an
cmitti component. The daytime ust exploits these channel
diffcrcnccs through critctia that rcquirc  a channel 3 brighmcss
umpcraturc  greater than the channel 4 tcmpctaturc. In both
tcsxs rhe channel diffcrenccs  must exceed  an empirically
dcrivcd  threshold  value  that is defined  regionally. Also the
daytime tcsr mquircs filters for sunglim  snow, and other
rcflccrivc backgrounds.

-0 Tea: Channel diffcrcnccs bctwccn
the Rio AVHlU Ldchanncls (4 and 5) arc used to dcrccr
opuctiy  tin c;;rms and edges of thicker  ice and liquid water
clouds.  Brightness umpcrarum  diffcrcnccs between  ticsc two
channels cxcccd  the amount cxpcctcd  for water vapor absorp-
don ah.d Planck functional dcpcndcncc  for these  types of
cloud. lnouc (1987) rccognizcd  that this diffcrcncc was
CauScd by diffcrcnccs  in extinction of thin ice ptic!c clouds
bcrwccn  11 and 12 pm, with the  grcatcr  cxtincdon at i2 pm.
Pnbhakara  ct al. (1988) csrcndcd  this signamm  to inc!udc
both  liquid wascr  and ice clouds when  the droplet or particle
size was smaller  than the channel wavelength. Saundcn and
Kricbcl (1988) dcvclopcd  a test to cxpioit  these  signatures
through a look-up-table of cxpccted clear scene charms1
diffcrcnccs due :o prcfercnual  water vapor absorpuon at
channel 5. To detcsr  cloud the mcssurcd channel  diffcmnc:s
must cxcccd the table predicted value by an amount In excess
of a preset  threshold.



4. ALGORITHM  VALIDATION

Candidarc aigorilhms arc being  evaluated using case
srudy dara sets collccrcd UI rcprescm me range of climarolo
gical and geographic conditions over which TACNEPH is
cxpccted  to opcmrc.  Case study data include AVHRR  Imagery
and climarological  surfau  temperatures for four regions
reprcscltring tic tropic% low ladtudc dcx~ mid latitude
vcgecatcd land and ocean;  and polar land, water, and ice
backgrounds. For each case a minimum of six days of dmc-
conaguous  data have ban collecrcd for two seasons: summer
and wimcr. Inrcmcdvc sofnvarc to display algorirhm results  as
color coded symhcdd imagery  over rop of original sensor data
is used LO  manually cvaluart  algorilhm nsulrs.  This has
proven to bc an effective tahniquc  for analyzing ncphanalysis
accuracy over different  cloud rypcs and backgrounds and for
identifying  problem areas in the cloud analysis itself.

Pmliminary msulu  arc encouraging. Muldspccnal
algorithms  in particular show an improved-capabilic relative IO
the RTNEPH IO detect low cloud and foe over a vanerv  of
backgrounds. The visible IO near IR anc?mid  to long wave IR
tests contribute mosl IO low cloud dcuccion. Cirrus derccoon
using both tic split IR window and mid to long wave IR ICS[S
is also improved. In daylight conditions me ice test provides
excellent discrimination of sea ice from polar soarus.  Analysis
of individual test results also furnishes infomracion on cloud
prop&es such as type. phase, and nlative layer height.

A number of problem areas have been idenrificd.
principally in the analysis of nflectcd solar radiation.
Enhanced reflection from disturbed ocean  surfaces well away
from the expected specular point have caused spurious cloud
signatures in me visible, near IR. and mid JR channels.
Similarly, cxucme  variations in surface characteristics over
dcscn regions (presumably caused by different surfaces such
as sand and rock in close  proximity), which arc poorly
rcsolvcd  in background rcflccrancc  databases due to their
highly anisoaopic namre.  of&n  rcsuh in anomalous cloud
detection  Highly nf!ccdvc  dcsen surfaces can also mask-rhc
rcflectcd cloud signarurt  in the mid IR channel due to sensor
saturation. At high solar zenith angles discrimination of ice
and low stratus becomes problematic due IO the lack of
sticicnt rcflccrcd solar energy to satisfy the ice dcrtcrion
criteria Finally. many of the tests rcquirc  diffcrenr  threshold
values over land vs. water or vcgctarcd vs. bamn
backgrounds due to their different radiadvc chamcccrisrics.
Poor resolution or granulariry in suppordng databases rhar
identify the background classification can msulr in the
appearance of persistent phanrom clouds along the boundancs
between  adjaant  background types. This phenomena can also
CCCLK whcnver me thermal  cot-mast bcnvccn  nearby
background ngions is wo large ID be resolved accurately by
the. surface tcmpcramre database. AU of these problem areas
are being investigated either through solutions that test for
additional mdiomcrric characnrisdcs or through infercndal
criteria based on analysis of nearby pixels or regions.

5. SurvlMARY

A mulriycar  program is undcnvay to dcvc!op  a regional
satellite cloud analysis mcdel  that can be adapted for any
locanon  on the Earth. The model is constrained to operate
using only satellite sensor and stored darabascs although under
some operating conditions convendonaI data may be available.
To accommodate rhc variability in covcmge. quality.  and
amount in the available data mix. mulnple  ncphanalysis
tigoirhms  arc being developed  and rested. To date IWO
classes of algorithm have been investigated: one- and IWO-
channel  statistical  threshold techniques and multispccnal
visible and infrared approaches. Future  WC&  will be in xcas
of background and clear aunosphcrc  charactcriarion from
infrared and microwave remote sensing, the addition of
conventional cloud observations, customization of rhc analysis

based on regional location paramcrcn.  and manual imcmcnon
wuh  automated ncphanaiysls  results.

Initial evaluation of algorithm  nxulrs  on selected case
study dara have shown significant improvcmcnt  over the
RTNEPH in detection of low cloud and fog, cirrus, and snow-
Cloud  discrimination in polar regions. Problem areas drar are
being investigated further include  incorrect  modeling of
background rcflcctana  over ocean  and desert, snow-cloud
discrimination under  conditions of low solar illuminauon,  and
the accuracy of supporting databases (e.g. surface skin
temperatures, upper  air profiles).
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